Papillomaviruses are epitheliotropic viruses that have circular dsDNA genomes encapsidated in non-enveloped virions. They have been found to infect a variety of mammals, reptiles and birds, but so far they have not been found in amphibians. Using a next-generation sequencing de novo assembly contig-informed recovery, we cloned and Sanger sequenced the complete genome of a novel papillomavirus from the faecal matter of Adé lie penguins (Pygoscelis adeliae) nesting on Ross Island, Antarctica. The genome had all the usual features of a papillomavirus and an E9 ORF encoding a protein of unknown function that is found in all avian papillomaviruses to date. This novel papillomavirus genome shared~60 % pairwise identity with the genomes of the other three known avian papillomaviruses: Fringilla coelebs papillomavirus 1 (FcPV1), Francolinus leucoscepus papillomavirus 1 (FlPV1) and Psittacus erithacus papillomavirus 1. Pairwise identity analysis and phylogenetic analysis of the major capsid protein gene clearly indicated that it represents a novel species, which we named Pygoscelis adeliae papillomavirus 1 (PaCV1). No evidence of recombination was detected in the genome of PaCV1, but we did detect a recombinant region (119 nt) in the E6 gene of FlPV1 with the recombinant region being derived from ancestral FcPV1-like sequences. Previously only paramyxoviruses, orthomyxoviruses and avian pox viruses have been genetically identified in penguins; however, the majority of penguin viral identifications have been based on serology or histology. This is the first report, to our knowledge, of a papillomavirus associated with a penguin species.
INTRODUCTION
The family Papillomaviridae is a large family with over 270 distinct types of papillomaviruses classified into 38 genera (Bernard, 2013; Bernard et al., 2010) . A large proportion (~160) of the established papillomavirus types are human isolates, but a significant number of non-human papillomaviruses (113) have been identified in 54 different host species spanning 16 taxonomic orders (Bernard, 2013; Bernard et al., 2010; Rector & Van Ranst, 2013) . Over the last 5 years, there has been a rapid expansion in the discovery of novel papillomaviruses, from both human and animal sources. This has been driven by the advent of new molecular tools such as w29 DNA polymerase used in rolling-circle amplification and next-generation sequencing (NGS) technology.
Papillomaviruses have circular dsDNA genomes of~8 kb that encode at least six conserved ORFs. The E1 and E2 genes encode regulators of replication and transcription, E6 and E7 encode the transforming proteins, whilst L1 and L2 encode the major and minor capsid proteins, respectively. L1 and L2 assemble into~60 nm T57 icosahedral virions (Baker et al., 1991; Trus et al., 2005) . Papillomaviruses were identified initially as the aetiological agent of skin warts in various animals (Shope & Hurst, 1933; zur Hausen, 2009a, b) . As such, papillomaviruses exclusively infect skin and squamous mucosa, although not all types induce neoplastic growth. Despite the identification of a large number of nonhuman papillomaviruses in various animals, only three papillomaviruses have been recovered from reptiles: diamond python (Morelia spilota spilota), loggerhead sea turtle (Caretta caretta) and green sea turtle (Chelonia mydas) (Herbst et al., 2009; Lange et al., 2011) , and three from birds: African grey parrot (Psittacus erithacus), common chaffinch (Fringilla coelebs) and yellow-necked francolin, (Francolinus leucoscepus) Van Doorslaer et al., 2009) .
Genetic elements of a few viruses have been identified in some penguin species (see Table 1 for details and summary); however, their genomes have not been identified. These include avian poxvirus in an African penguin (Spheniscus demersus) (Carulei et al., 2009) from South Africa and Magellanic penguins (Spheniscus magellanicus) (Kane et al., 2012) from Argentina, and Newcastle disease virus (NDV) in Adélie penguins (Pygoscelis adeliae) from King George Island (Thomazelli et al., 2010) .
The majority of work on viruses in penguins has used serological detection of paramyxoviruses in Adélie penguins on Ross, Windmill, Peterson, Midgley, Shirley, Cameron and Chappell islands and near Davis and Dumont d'Urville bases in the Antarctic (Alexander et al., 1989; Austin & Webster, 1993; , in rockhopper penguins (Eudyptes chrysocome) on the Falkland Islands (Miller et al., 2010) , in blue penguins (Eudyptula minor) at Port Campbell and on Phillip Island, Australia (Morgan et al., 1985) , and in royal (Eudyptes schlegeli), king (Aptenodytes patagonicus) and rockhopper penguins on Macquarie Island, Australia (Alexander et al., 1989; . In contrast, some serology work on orthomyxoviruses has shown the presence of reactive antibodies in Adélie penguins on Ross and Peterson Islands in the Antarctic and from chinstrap (Pygoscelis antarctica) and gentoo (Pygoscelis papua) penguins on King George Island (Baumeister et al., 2004) . Some serology work has indicated that there may be flavivirus-like infections in blue penguins at Port Campbell and Phillip Islands and in royal, king and rockhopper penguins on Macquarie Island (Morgan et al., , 1985 . Gardner et al. (1997) provided some serological evidence of infectious bursal disease virus in Adélie and Emperor (Aptenodytes forsteri) penguins around Mawson Station in the Antarctic. Finally a herpesvirus-like infection has been documented in captive African penguins at the Baltimore Zoo, USA (Kincaid et al., 1988) and an Eastern equine 
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Adélie penguins are sea-ice obligates, occurring only in areas where Antarctic sea ice is present for most of the year and feeding on small fish, krill and squid (Ainley, 2002) . Adélie penguins spend their non-breeding period, February to October, typically in small flocks in the pack ice that surrounds the Antarctic continent. Adélie penguins that breed on Ross Island migrate north after completing the nesting season and ride the Ross Gyre in a large clockwise circulation north of the Ross Sea but south of the southern boundary of the Antarctic Circumpolar Current (Ballard et al., 2010) . During the austral spring and summer, from late October to early February, all but yearling penguins can be found at colonies located at ice-and snow-free areas having easy access to the ocean and to wind-driven openings in the pack ice, called polynyas (reviewed by Ainley, 2002) .
Given that there is so little known about animal viruses in the Antarctic, especially DNA viruses among penguins, and the fact that Adélie penguins exist in a unique Antarctic environment, we undertook a pilot study to identify novel DNA viruses associated with them. We opted for sampling faecal matter as it is non-invasive and we have had significant success in identifying novel circular DNA viruses in the past (Sikorski et al., 2013a, b, c, d) . In our pilot study we sampled faecal matter of Adélie penguins in the 2012/2013 breeding season that were nesting at Cape Crozier on Ross Island, Antarctica, one of the southernmost nesting locations for any penguin species.
RESULTS AND DISCUSSION

Identification and recovery of a novel papillomavirus
Two 1 m 2 trays were placed onto the ground in a subcolony before breeding commenced to passively collect faecal material from Adélie penguins (as part of a diet study) at Cape Crozier on Ross Island, Antarctica ( Fig. S1 , available in the online Supplementary Material). After processing the faecal samples for DNA viruses, NGS of the viral DNA using an Illumina sequencing platform and de novo sequence assembly, we identified four contigs (654, 675, 875 and 2478 nt) that had significant BLASTX (Altschul et al., 1990) hits to papillomavirus proteins ( Fig. 1 ). All four contigs had hits to avian papillomaviruses spanning the E1, E2, L1 and L2 domains. This was not surprising given that these four proteins are relatively well conserved in all papillomaviruses.
As the 875 nt contig had a significant BLASTX hit to E2 of Francolinus leucoscepus papillomavirus 1 (FlPV1; 75 % coverage, 73 % identity and E-value 8610 252 ) and given that E2 is an essential papillomavirus regulatory protein (reviewed by McBride, 2013), we designed back-to-back A. Varsani and others (abutting) primers to recover the full genome of this novel papillomavirus. Using the back-to-back primers, we recovered a complete genome, which was cloned and Sanger sequenced. The Sanger-sequenced papillomavirus genome from Adélie penguin faecal matter was 7637 nt (Fig. 1 ). BLASTN analysis of this genome indicated that it was most similar, albeit with only 18 % coverage and sharing 67 % identity, with an E-value of 4610 245 , to the genome of Psittacus erithacus timneh papillomavirus 1 (PePV1). However, analysis using SDT v.1.0 (Muhire et al., 2013) showed that the novel Adélie penguin papillomavirus genome shared only~60 % genome-wide pairwise identity with Fringilla coelebs papillomavirus 1 (FcPV1), PePV1 and FlPV1 (see Fig. 1 for the genome organizations of FcPV1, PePV1 and FlPV1).
Posterior mapping (using Geneious v.6.1.4; Biomatters, http://www.geneious.com/) of the paired-end Illumina sequencing reads to the complete genome sequence of the papillomavirus derived from PCR amplification, cloning and Sanger sequencing showed complete but variable coverage (mean of 12-fold coverage; Fig. 1 ). It is worth noting that NGS is a valuable tool for viral diagnostics when working with environmental samples and especially with viral sequences that are novel, but de novo assembly of the reads may not yield complete genomes. Hence, it is essential to use the data from the de novo assembly to devise strategies to recover and sequence complete genomes. We have previously successfully employed a strategy of using NGS de novo assembly contig-informed recovery (PCR with proofreading DNA polymerase) of complete ssDNA viruses (Dayaram et al., , 2014 Kraberger et al., 2013; Sikorski et al., 2013b, d) . We employed the same strategy in this study to recover the novel papillomavirus. Furthermore, the advantage of this strategy is that, by archiving the cloned viral genome, it can be used downstream for future research.
Genomic elements of the novel papillomavirus from Adé lie penguin faecal matter
The Adélie penguin faeces-derived papillomavirus genome had eight ORFs, which encoded proteins with significant homology to the E6 (288 nt), E7 (489 nt), E9 (513 nt), E1 (2028 nt), E2 (1179 nt), E4 (639 nt), L2 (1674 nt) and L1 (1521 nt) proteins of avian papillomaviruses (Fig. 1 ). Among the avian viruses, it is important to note that PePV1 does not have an ORF encoding E6 (Fig. 1 ). Furthermore, the E9 gene has only been identified in avian papillomaviruses (Tachezy et al., 2002; Van Doorslaer et al., 2009) . Within the genome, we identified seven E2-binding sites (ACCN 5-7 GGT), four Sp1-binding sites (GGGCGG), four Nf1-binding sites (TTGGC) and two AP1-binding sites (TGANTCA) (Fig. S2 ). In the E1 and E2 protein sequences, we identified the putative leucine zipper domain (LDNHQSLLNEQQLQDANHL and LERLITDLQ-SKETDLLEKEHQTL, respectively; leucines shown in bold)
LXCXE motif CX 2 CX 41-43 CX 2 C metal-binding motif CX 2 CX 21-23 CX 2 C metal-binding motif and in the E2 protein, a putative DNA recognition helix sequence (GQTGQLKTIRYRLQTGPYT) was found. Within the E6 and E7 proteins, we identified the conserved zincbinding motifs (E6: CX 2 CX 42 CX 2 C; E7, CX 2 CX 21 CX 2 C; Fig. 2) . For all the avian papillomaviruses, we identified a conserved pRB LxCxE binding motif in the E7 protein (Fig. 2) . It is important to note that, similar to other avian papillomaviruses, only a single zinc-binding motif was identified in the E6 of the novel papillomavirus in contrast to E6 of mammalian papillomaviruses, which have two domains (Van Doorslaer et al., 2009 ).
Classification of the novel papillomavirus and maximum-likelihood (ML) phylogenetic analysis
The classification of papillomaviruses is based on the sequence analysis of the major capsid protein L1, i.e. pairwise identity coupled with phylogenetic support (Bernard, 2013; Bernard et al., 2010; de Villiers et al., 2004) . In general, L1 sequences of papillomaviruses with ,60 % pairwise nucleotide identity would be assigned a new genus and those with .60 % but ,70 % would be a new species, whereas those with .70 % but ,90 % identity would be novel types.
To date, most papillomavirus pairwise identities have been determined by deriving pairwise comparisons of sequences from global alignments of L1 rather than pairwise alignments of two individual sequences, and hence the pairwise identity values will be slightly inflated for more divergent sequences (see discussions in Muhire et al., 2013 and Varsani et al., 2014) . SDT v.1.0 aligns two sequences at a time using MUSCLE (CLUSTAL W and MAFFT options available) and determines pairwise identity (with pairwise deletion of gaps) for all possible sequence pairs within a dataset.
We calculated the pairwise identities of L1 nucleotide sequences using SDT v. Eta. Therefore, based on our analysis, it is clear that the papillomavirus found in this study is a novel species, which we named Pygoscelis adeliae papillomavirus 1 (PaPV1), and is probably a member of a new genus. Our species proposal for PaPV1 was supported by the ML phylogenetic analysis of the L1 sequences (Fig. 3) . The mid-point rooted L1 ML phylogenetic tree clearly showed that PaPV1 is part of an avian papillomavirus clade and is phylogenetically most closely related to FlPV from Francolinus leucoscepus.
In order to determine the evolutionary relationship of PaPV1 with other papillomaviruses, we generated amino acid concatenated alignments of E1-E2-L1-L2. ML phylogenetic (mid-point rooted) analysis of the concatenated E1-E2-L1-L2 protein sequences (Fig. 4) showed that the avian papillomaviruses are basal to all the other papillomavirus types and are monophyletic. It is interesting to note that these avian papillomaviruses share a last common ancestor with Chelonia mydas papillomavirus 1 and Caretta caretta papillomavirus 1 isolated from turtles (Herbst et al., 2009 ). All the sauropsid papillomaviruses, with the exception of Morelia spilota spilota papillomavirus 1 (MsPV1), are basal to all other papillomaviruses. In general, this fits well with the co-evolution theory of papillomaviruses that has received considerable attention for decades with other support being provided (Bernard et al., 2006; Rector et al., 2005) . However, the discovery of sequences such as MsPV1 raises some serious questions on this theory. We cannot discount the fact that other factors such as inter-and intra-generic recombination (Angulo & Carvajal-Rodríguez, 2007; Bravo & Alonso, 2007; Carvajal-Rodríguez, 2008; García-Vallvé et al., 2005; Narechania et al., 2005b; Van Doorslaer, 2013; Varsani et al., 2006) , inter-family recombination (Woolford et al., 2007) , adaptive radiation and inter-species transmission (Gottschling et al., 2011b; Van Doorslaer, 2013) have played a key role in papillomavirus evolution.
Recombination
Evidence for both inter-and intra-species recombination has been provided for papillomaviruses by various research groups (Angulo & Carvajal-Rodríguez, 2007; Bravo & Alonso, 2007; Carvajal-Rodríguez, 2008; Garcia-Vallvé et al., 2005; Gottschling et al., 2011a; Narechania et al., 2005a; Rector et al., 2008; Shah et al., 2010; Varsani et al., 2006) and has been reviewed by Van Doorslaer (2013) . Detection of inter-species and moreover inter-genera recombination is difficult due to divergent sequences and hence poor alignments.
To address this issue, the genomes of all the papillomavirus types were downloaded from the Papillomavirus Episteme Database (PAvE; http://pave.niaid.nih.gov/) and linearized such that they all began in roughly the same coding region (E6 or right after the untranslated region). These sequences were aligned using MAFFT (Katoh & Standley, 2013) and analysed for recombination using RDP4 . We specifically analysed for detectable recombination events involving avian papillomavirus sequences. Given the poor alignments, we used the same approach as described by Varsani et al. (2006) to recheck the recombination events by realigning the recombinant and two putative parental sequences before repeating the recombination analysis. We identified a single credible recombinant region (199 nt) in the E6 gene of FlPV1 with the recombinant region being derived from ancestral FcPV1-like sequences (Fig. 1) .
Based on the theory that papillomaviruses have co-evolved with their hosts and the hypothesis that they have 'finetuned' their genomes for successful infection of their hosts, it is thought that recombinant regions in papillomaviruses will not get fixed in their populations (Van Doorslaer, 2013) . In contrast, recombination seems to play a significant role in ssDNA viruses in altering host range and pathogenicity, and the adaptive potential has been proven in in vitro evolution studies, as reviewed by Martin et al. (2011) . Perhaps the fact that ssDNA viruses have high substitution rates of~10 23 -10 24 substitutions per site per year (Duffy & Holmes, 2008 Firth et al., 2009; Grigoras et al., 2010; Harkins et al., 2009 Harkins et al., , 2014 Lefeuvre et al., 2010) compared with papillomaviruses of 7.1610 29 to 9.6610 29 substitutions per site per year (Shah et al., 2010) indicates that ssDNA viruses are recombining more frequently in order to repair the accumulation of deleterious mutations in their genomes.
CONCLUSION
Random-primed rolling-circle replication and NGS technologies have enabled the rapid exploration of the circular DNA viral landscape. Despite the fact that viruses are perhaps the most abundant biological entity on Earth, with the majority present within the oceans, knowledge of Antarctic virology is limited. The bulk of virology in penguins has focused on serological detection of paramyxoviruses, orthomyxoviruses, flaviviruses and birnaviruses (Table 2) , with limited nucleic acid characterization of avian poxviruses and paramyxoviruses (Table 1) .
Through the sampling of faecal matter or rectal smears of rodents, two novel papillomaviruses, Peromyscus maniculatus papillomavirus 1 (host, deer mouse) and Rattus norvegicus papillomavirus 2 (host, Norway rat) have been discovered in the last decade (Phan et al., 2011; Schulz et al., 2012) . Faecal sampling is a non-invasive method and hence Novel Pygoscelis adeliae papillomavirus extremely useful in sensitive (including areas protected for unique attributes, as was our study area) and, to some extent, harsh environments such as the Antarctic. In this study, we identified a novel papillomavirus, PaPV1, in faecal matter of Adélie penguins at Cape Crozier on Ross Island, Antarctica, with PaPV1 being most closely related to the three other known avian papillomaviruses (PePV1, FlPV1 and FcPV1).
The chances of contamination by the only other common bird in the region, the South Polar skua (Stercorarius maccormicki), having defecated over a penguin subcolony, more specifically into a faecal tray are extremely slim. South polar skuas feed on Adélie penguin eggs and young chicks, with subcolony edge nests being by far the most vulnerable.
In all observed cases, they take the egg or chick far away from the subcolony before feeding on it. Adult Adélie penguins actively protect their subcolonies and their nests, and hence South Polar skuas are not able to spend any time in the interior of a subcolony. Adélie penguins would seriously injure and even kill a South Polar skua if it landed and spent time in the interior of a subcolony.
As far as we know, we have not seen any cutaneous papillomas or skin carcinomas during 17 years of research at the Cape Crozier colony (Lyver et al., 2014) , which has about 270 000 breeding pairs of Adélie penguins. However, it must be noted that papillomaviruses have been recovered from individuals with healthy skin, including an isolate of FlPV1 (Van Doorslaer et al., 2009 ) from a yellow-necked francolin. We speculate that the virus infects the cloaca of Adélie penguins and hence its presence in faecal material. Nonetheless, the discovery of this novel papillomavirus will enable scientists to develop specific probes to screen for PaPV1 infection in Adélie penguin colonies (and possibly other penguin species) and will provide insights into its epidemiology.
The fact that the genome sequences of the papillomaviruses from Adélie penguin (faeces), African grey parrot (cutaneous wart), common chaffinch (cutaneous papilloma) and yellow-necked francolin (non-symptomatic skin) are basal to all other papillomaviruses does go some way in supporting the co-evolution hypothesis. (Park et al., 2012) . Finally, there is likely to be an increase in the rate of discovery of novel viruses at the species and genus level and also in possible members of new viral families over the next decade, a trend driven primarily by new molecular techniques and new sequencing platforms.
METHODS
Sample collection and viral DNA isolation. Two faecal collection trays (Fig. S1 ) were placed within a subcolony of Adélie penguins at Cape Crozier on Ross Island to allow the collection of faecal matter without any fine-grained substrate over the 2012/2013 breeding season. These trays were 1 m 2 and were constructed of a square wooden frame supporting a heavy-duty stainless steel cloth that allowed some moisture but no solid material to pass through. The trays were placed within an area where the penguins nest, and generally one or two nests were built within them; other penguins on the periphery, including their chicks, probably ejected their faeces into them. Hence, the faecal trays collected faecal material of both the adults and young from these nests for the duration of the breeding season (late October to late January).
At the end of the season (late January 2013), 50 ml faecal sample from each tray was collected in a 50 ml sterile tube using a sterile wooden spatula. Samples were frozen within 6 h of collection and transferred to the laboratory in a frozen state. Approximately 25 ml of Adélie penguin faecal matter from each tray was resuspended in 50 ml SM buffer [0.1 M NaCl, 50 mM Tris/HCl (pH 7.4), 10 mM MgSO 4 ] and processed and homogenized as described previously (Sikorski et al., 2013a, b, d) . Briefly, the homogenized faecal matter was centrifuged at 10 000 g for 20 min and the resulting supernatant was filtered sequentially through 0.45 and 0.2 mm pore-sized syringe filters. In order to concentrate any virions in the solution, 3 g PEG 8000 (Sigma) was added to 20 ml filtrate and mixed gently to dissolve the PEG 8000. The faecal/15 % (w/v) PEG 8000 solution was then centrifuged for 20 min at 10 000 g and the resulting pellet was resuspended in 2 ml SM buffer overnight at 4 uC. Viral DNA was purified from the resulting resuspension using a High Pure Viral Nucleic Acid kit (Roche Diagnostics).
Viral DNA enrichment, Illumina sequencing and de novo sequence assembly. Circular DNA molecules from the viral DNA purification were enriched using rolling-circle amplification with a TempliPhi kit (GE Healthcare). The RCA-enriched material together with the total purified viral DNA was sequenced at Beijing Genomics Institute (Hong Kong) on an Illumina HiSeq 2000 platform.
The paired-end sequence reads were assembled using Abyss v.1.3.5 (Simpson et al., 2009 ) with a kmer setting of 64. The translation products of the assembled contigs (.500 nt) were analysed for homology to known protein sequences available in public databases using BLASTX (Altschul et al., 1990) .
Recovery of complete papillomavirus genome and Sanger sequencing. The novel papillomavirus was amplified using 10 mm each of the primers PaPV-F 59-GACTTGCTAGAAAAGGAGCAT-CAGACG-39 and PaPV-R 59-AGTCTCCTTCGACTGCAGATCTGT-TATC-39 with KAPA Long Range HotStart DNA polymerase (Kapa Biosystems) using the following protocol: initial denaturation at A. Varsani and others 95 uC for 3 min, followed by 25 cycles of 95 uC for 15 s, 60 uC for 15 s and 68 uC for 8 min, with a final extension at 68 uC for 8 min. The amplicon was resolved on a 0.7 % agarose gel and the~7.5 kb fragment was gel purified and ligated into pJET1.2 plasmid vector (Thermo Fisher). The recombinant plasmid was used to transform Escherichia coli DH5a cells. Plasmid DNA from transformed Escherichia coli colonies was isolated and Sanger sequenced independently by primer walking at Macrogen (Korea). The sequence contigs were assembled using DNAbaser v.4 (Heracle BioSoft S.R.L.).
Pairwise comparisons and ML phylogenetic analysis. The L1 sequences of all papillomavirus type sequences available at the PAvE (http://pave.niaid.nih.gov/) were downloaded on 14 December 2013. These were aligned using MAFFT v.7.13 (Katoh & Standley, 2013 ) and the resulting alignment was used to infer a ML phylogenetic tree with PHYML (Guindon et al., 2010) with GTR+I+G4 chosen as the best-fit model using jModelTest (Posada, 2009) , with approximate likelihood ratio test (aLRT) (Anisimova & Gascuel, 2006) branch support. Branches with less than 79 % aLRT support were collapsed using Mesquite v.2.7 (http://mesquiteproject.org/). The tree was mid-point rooted.
The E1, E2, L1 and L2 papillomavirus type sequences downloaded from PAvE were translated and aligned as individual datasets using MAFFT v.7.13 (Katoh & Standley, 2013) . The resulting E1, E2, L1 and L2 alignments were used to generate a concatenated dataset of aligned E1, E2, L1 and L2. These were used to infer a ML phylogenetic tree with PHYML (Guindon et al., 2010) using LG+F, as the amino acid substitution model chosen as the best-fit model using ProtTest v.2.4 (Abascal et al., 2005) ; branches with less than 79 % aLRT support were collapsed and the tree was mid-point rooted.
All analyses of the pairwise identities were carried out using SDT v.1.0 (Muhire et al., 2013) .
Recombination analysis. Recombination was analysed using RDP4 , using the RDP (Martin & Rybicki, 2000) , GENECONV (Padidam et al., 1999) , BOOTSCAN (Martin et al., 2005) , MAXCHI (Smith, 1992) , CHIMAERA (Posada & Crandall, 2001) , SISCAN (Gibbs et al., 2000) and 3SEQ (Boni et al., 2007) methods. Recombination was considered credible in sequences only if they were detected by more than three methods having significant P values coupled with strong phylogenetic support of recombination.
